Abstract Periodate oxidation followed by borohydride reduction converts the well-known antithrombotics heparin and low-molecular-weight heparins (LMWHs) into their "glycol-split" (gs) derivatives of the "reduced oxyheparin" (RO) type, some of which are currently being developed as potential anti-cancer and anti-inflammatory drugs. Whereas the structure of gs-heparins has been recently studied, details of the more complex and more bioavailable gs-LMWHs have not been yet reported. We obtained RO derivatives of the three most common LMWHs (tinzaparin, enoxaparin, and dalteparin) and studied their structures by two-dimensional nuclear magnetic resonance spectroscopy and ion-pair reversed-phase high-performance liquid chromatography coupled with electrospray ionization mass spectrometry. The liquid chromatography-mass spectrometry (LC-MS) analysis was extended to their heparinase-generated oligosaccharides. The combined NMR/LC-MS analysis of RO-LMWHs provided evidence for glycol-splitting-induced transformations mainly involving internal nonsulfated glucuronic and iduronic acid residues (including partial hydrolysis with formation of "remnants") and for the hydrolysis of the gs uronic acid residues when formed at the non-reducing ends (mainly, in RO-dalteparin). Evidence for minor modifications, such as ring contraction of some dalteparin internal aminosugar residues, was also obtained. Unexpectedly, the N-sulfated 1,6-anhydromannosamine residues at the enoxaparin reducing end were found to be susceptible to the periodate oxidation. In addition, in tinzaparin and enoxaparin, the borohydride reduction converts the hemiacetalic aminosugars at the reducing end to alditols. Typical LC-MS signatures of ROderivatives of individual LMWH both before and after digestion with heparinases included oligosaccharides generated from the original antithrombin-binding and "linkage" regions.
Introduction
Low-molecular-weight heparins (LMWHs), obtained by chemical or enzymatic depolymerization of heparin, are widely used as antithrombotic drugs [1] . They have characteristic terminal residues [2] , but their linear internal sequences, like heparin, are primarily 1,4-linked trisulfated disaccharide (TSD) repeating units, containing 2-O -sulfated iduronic acid (I 2S ) and N -sulfate glucosamine 6-O -sulfate (A NS,6S ). These regular "fully sulfated" regions are separated by undersulfated sequences bearing nonsulfated iduronic (I) and, in a somewhat higher proportion, glucuronic (G) acids, which are usually preceded by N -acetylated glucosamine residues (A NAc ). The specific pentasaccharide sequence N -acetyl D -glucosamine 6-O -sulfate α1→4 D -glucuronic acid β1→4 D -glucosamine N ,3-O,6-O -trisulfate α1→4L-iduronic acid 2-O -sulfate α1→4 D -glucosamine N ,6-Odisulfate (A NAc,6S -G-A NS,3S,6S -I 2S -A NS,6S ), present only in some of the chains [3] , constitutes the antithrombin-binding region (ATBR), essential for a high anticoagulant and antithrombotic activity of both unfractionated heparins and LMWHs.
In the last decade, several new therapeutic uses of heparins, LMWHs, and their derivatives have been envisaged in various fields [4] , especially in inflammation and cancer [5] [6] [7] . To reduce risks of bleeding in non-anticoagulant/non-antithrombotic uses of heparins and LMWHs, removal or inactivation of their ATBR is required. Although removal of the ATBRcontaining chains could be achieved exploiting their interaction with AT [8] , a more practical way of reducing anticoagulant properties, without impairing other biological activities, is periodate oxidation of heparins [9, 10] . Periodate oxidation is a classical reaction in carbohydrate chemistry that has been widely applied to determine vicinal carbons bearing unsubstituted hydroxyl and/or amino groups [11] . When applied for heparins, periodate oxidation mainly leads to the splitting of the C(2)-C(3) bond of nonsulfated uronic acids, including the essential glucuronic acid within the ATBR [12, 13] . The primary products of the glycol-splitting reaction (the polyaldehydic oxy-heparins) are usually stabilized by borohydride reduction, leading to reduced oxy-heparins (ROheparins) [9, 13] . Under controlled conditions, periodate oxidation can be performed with limited cleavage of glycosidic bonds, i.e., without significant depolymerization at the level of glycol-split (gs) residues.
The glycol-splitting reaction usually does not impair the biological activities of heparin chains that are not critically dependent on the intact structure of the AT-binding sequence. In fact, most of the literature data indicate that the glycolsplitting gives rise to a higher protein-binding activity of gsheparins than their parent GAGs [14] , most probably due to the increased local mobility of gs residues, which act as flexible joints along the polysaccharide chains, thus facilitating interactions with the heparin/HS binding sites of proteins [7, 9] . A number of non-anticoagulant gs-heparins, differing by the molecular weight and the extent of glycol-splitting, are being considered as potential antilipemic, platelet interactioninhibiting, antithrombotic, antiangiogenic, antimetastatic, antimalarial, labor-reducing in obstetrics, and anticancer drugs [7, 9, [14] [15] [16] [17] [18] [19] [20] [21] . Some of these potential drugs under development (such as, M402 [21] ) were obtained from LMWHs.
The structures of a heparin [22] and a glycol-split heparin chain are depicted in Fig. 1 , which also includes the "linkage region" (LR, structure 1c), i.e., the nonsulfated sequence GGal-Gal-Xyl, which links the carbohydrate chains with the core peptide chain of its natural proteoglycan precursor ("macromolecular heparin") through a serine (Ser) residue [23] . The LR sequence is usually present in commercial heparins [23] ; however, its content and structure depends on the strength of oxidative "bleaching" treatment. Usually, a few percents of intact or partially modified LR remain in heparins and in some LMWHs. G and Xyl residues, bearing vicinal hydroxyl groups, can be split (Fig. 1d) .
The structures of LMWHs are even more complex than those of their parent heparins, since both chemical and enzymatic depolymerization of the original polysaccharide modifies the heparin sequences, at least at the site of chain cleavage, making each LMWH structurally (Fig. 2) , and, to some extent biologically, different from each other [24] . Glycolsplitting and reduction reactions are expected to introduce further local modifications in LMWHs.
Pharmaceutical development of drugs of this type requires setting up appropriate analytical methods to control and guarantee preparation reproducibility and to establish correlations between structure and biological activity. Structural characterization of heparin species largely relies on NMR and/or liquid chromatography-mass spectrometry (LC-MS) analysis, with the latter most often performed on fragments [25] . Significant advances in the analysis of heparin/heparan sulfate di-and oligosaccharides have been achieved by coupling ion-pair reversed-phase high-performance liquid chromatography (IPRP-HPLC) with electrospray ionization mass spectrometry (ESI-MS) [13, [26] [27] [28] [29] [30] . However, as with heparins, one major problem in the analysis of gs-heparins is associated with their structural microheterogeneity, which can be unravelled only through careful cleavage of their chains and identification of the generated di-and oligosaccharide fragments. Glycolsplitting followed by enzymatic digestion with a cocktail of heparinases (heparin lyases I, II, and/or III) has been recently used for structural characterization of heparins of different origins [13] . Heparin lyases preferentially cleave glycosidic bonds of heparin unmodified sequences, "skipping" disaccharide units containing gs-residues, and thus generating oligosaccharides with incorporated gsG/gsI residues.
In the present study, we obtained RO-derivatives of the three most common commercially available LMWHs (tinzaparin, enoxaparin, and dalteparin) and characterized their structures by heteronuclear single-quantum coherence (HSQC) NMR spectroscopy and IPRP-HPLC coupled with electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-Q-TOF-MS). The resistance of oligosaccharides containing gs residues to heparinases was exploited to unravel the problem of the structural microheterogeneity and to obtain more structural information on unmodified heparin sequences.
Experimental

Reagents and starting materials
Low-molecular-weight heparins were samples of commercially formulated or bulk materials of: tinzaparin sodium (Innohep, LEO Pharma, Denmark), enoxaparin sodium (Clexane, Sanofi Aventis, Italy), and dalteparin sodium (Fragmin, Pfizer, Italy), N -acetyl heparosan is a gift of K. Jann [31] , synthetic pentasaccharide Arixtra® (fondaparinux, GSK, France). Heparin lyases I (EC4.2.2.7), II and III (EC4.2.2.8) were purchased from Grampian Enzymes, UK. Sodium periodate (>99 %), dibutylamine (>99.5 %), methanol (LC-MS grade), acetonitrile (LC-MS grade), acetic acid (glacial, 99.9 %), formic acid (98-100 %), ammonium chloride (>99.5 %) were purchased from Sigma-Aldrich; sodium borohydride (95 %), from Riedel-de Haën; sodium acetate, from Merck; calcium acetate (>97 %), from BDH; ethylenediaminetetraacetic acid (EDTA, >98 %), from Fluka. Deionized (conductivity less than 0.06 μS) and filtered (Millipore filter 0.22 μm) water was used for sample dilution and for mobile phases.
Preparation of RO-derivatives
Glycol-split derivatives of tinzaparin, enoxaparin, dalteparin, and N-acetyl heparosan (K5 polysaccharide) were prepared using the following procedure: About 40-50 mg of each sample was dissolved in 1.5 ml of H 2 O, and 1.5 ml of 0.2 M NaIO 4 was added. The reaction mixture was left for 20 h at 4°C in the dark under stirring to avoid unspecific oxidation. The excess of periodate was neutralized by adding 200 μl of ethylene glycol maintaining the stirring for a further hour at 4°C. Solid sodium borohydride (∼70 mg) was added in portions to the reaction mixture, and after 16 h at 4°C in the dark under stirring, the pH value was adjusted under stirring at 4°C to 7 with 5 % (v/v) acetic acid. The solutions containing the gs-derivatives were desalted on a Sephadex G-10 column (80×2.5 cm) using water/ethanol 9:1 (v/v) as a mobile phase at 2.6 ml/min, monitoring the absorbance at 210 nm (Cary 50 UV-Vis spectrophotometer, Varian). After freeze-drying, ROsamples were obtained with yields in the range of 85-92 %. Fig. 1 Simplified formula of a representative ATBR-containing chain of porcine mucosal heparin (a) and the corresponding glycol-split derivative (b ) obtained by periodate oxidation and borohydride reduction of nonsulfated glucuronic (G/G') and iduronic (I) residues, to generate gsG/gsG', and gsI [13] . LR=linkage region [23] at the "reducing" end (RE). The biochemical formula of ATBR is indicated in structure (a), starting with a residue I that is not part of the pentasaccharidic active site, but most often precedes it. Structure (a) is adapted from Xiao et al. [22] ; a major modification involves the A NS,6S residue at the non-reducing end (NRE), assumed to be the consequence of cleavage (by an endo-β-Dglucosidase) of a G-A NS6S glycosidic bond in the chains of the heparin proteoglycan precursor ("macromolecular heparin"). The structure of the "full" linkage region LR is reported in (c) and (d) for heparin and ROheparin, respectively, where G LR is the G residue in the LR, Gal1 and Gal2 are two galactose residues, Xyl is xylose, and Ser is serine [23] . The two glycol-split residues (gsG LR and gsXyl) in the LR of gs-heparin were not previously described (see text). Circled residues in the unmodified heparin structure (a) and (c) highlight unsubstituted diol groups susceptible of glycol-splitting Molecular weight determination Molecular weight determinations were performed by HP-SEC-TDA on a Viscotek (Houston, Texas) instrument equipped with a VE1121 pump, Rheodyne valve (100 μl), and triple detector array 302 equipped with refraction index (RI), viscometer, and light-scattering (90°and 7°) systems, as described in Alekseeva et al. [13] . Weight-average mean molecular mass (M W ) for RO-tinzaparin, RO-enoxaparin, and RO-dalteparin was found to be 7.2, 4.7, and 6.4 kDa, respectively, somewhat lower than M W values obtained for the parent LMWHs (7.9, 5.2, and 7.5 kDa, respectively).
Digestion with heparinases
The original and RO-LMWHs (100 μg) were enzymatically depolymerized by heparin lyases I, II, and III. The substrate (5-10 mg) was dissolved in water to obtain a 20 mg/ml solution. Then 149 μl of solution containing 50 mM sodium acetate and 5 mM calcium acetate, and 3 μl of heparin lyases mixture (1 μl of each lyase, 2 mU/μl enzyme solution) were added to 5 μl of the substrate solution. The reaction was stirred at 37°C (Thermo shaker TS-100 Biosan) for 24 h and then stopped by adding 3 μl of 3 % formic acid. Each sample were diluted two times with water and analyzed by LC-MS.
RO-enoxaparin was digested with heparinases I, II, and III also in a preparative scale for further fractionation and detailed studies by LC-MS and NMR: The 175 μl of 2 mU/μl solutions of each enzyme were added to a RO-enoxaparin solution (37 mg in 50 ml of a buffer containing 50 mM sodium acetate buffer and 5 mM calcium acetate). The digestion was carried out for 24 h at 37°C, and after the second addition of the enzymes (175 μl of 2 mU/μl solutions of each enzyme), the reaction was maintained for further 24 h at 37°C, then, stopped by adding 1 ml of 3 % formic acid. The reaction mixture was filtered using Millipore filter 3 μm and Preparative size-exclusion chromatography HPLC system (Bioline Knauer S1050) was used for the size fractionation of the heparinase-digested RO-enoxaparin. The 2 ml of the concentrated solution (see the previous section) was loaded onto the column (Superdex S30, 84 x 2 cm) and eluted with 0.25 M ammonium chloride at a flow rate 5.0 ml/ min. Based on the detection at 210 nm, seven fractions were obtained and then desalted on the Biofox 40/100 SEC Agarose column (89×3 cm) using water/ethanol 9:1 (v/v) as a mobile phase delivered at a flow rate 15 ml/min. After concentration and freeze-drying, each gs-oligosaccharide fraction was analyzed by two-dimensional nuclear magnetic resonance (2D NMR) and LC-MS.
Sodium borohydride reduction of the digested RO-enoxaparin fractions
The reduction of the SEC fractions of the digested ROenoxaparin (see the previous section) was performed by adding of 5 μl of 30 mg/ml solution of sodium borohydride into an aliquot (50 μl) of 0.5 mg/ml solution of each fraction. The mixture was left at room temperature for 4 h and then analyzed by LC-MS.
NMR analysis
The samples (5-8 mg for LMWHs and RO-LMWHs, 1-2 mg for the isolated fractions of heparinase digest of ROenoxaparin) were dissolved in 500 μl of D 2 O, added with 100 μl of 10 mM solution of EDTA in D 2 O, and then freezedried. The 500 μl of D 2 O was added to each lyophilized sample, and the procedure of lyophilization was repeated. Spectra of the original and RO-LMWHs were recorded at 25°C on a Bruker Avance 500 MHz spectrometer (Karlsruhe, Germany), except for the fractions of the heparinase-digested RO-enoxaparin for which the NMR spectra were acquired on a Bruker Avance 600 MHz spectrometer (Karlsruhe, Germany). Both instruments were equipped with 5 mm TCI cryoprobe. Integration of peak volumes in the 2D-HSQC spectra was made using standard Bruker TOPSPIN 3.0 software. The relative content of monosaccharide residues was calculated from the corresponding anomeric cross-peaks identified by HSQC following the procedure previously applied to heparins [32] and to LMWHs [2] . HSQC spectra were obtained in phase-sensitivity enhanced pure-absorption mode with decoupling in the acquisition period (Bruker pulse program hsqcetgpsisp.2). Spectra were recorded using a spectral width of 8 and 80 ppm in the proton and carbon dimensions, respectively. The carrier frequencies for proton and carbon were 4.7 and 80 ppm. Spectra were acquired into a time domain of 1,024 complex points, using from 16 to 32 scans for each of 320 increments. The repetition time and the acquisition time were set at 2 and 0.178 s, respectively, with a total measurements ranging from 3 h, 05 min up to 6 h, 10 min. The matrix size of 1,024×320 data points was zero filled to 4, 096×2,048 by application of a squared cosine function prior to Fourier transformation. 2D-TOCSY spectra was acquired using 32 scans per series of 2,048×512 data points and a mixing time of 80 ms. A zero filling in F1 (4,096×2,048) and a shifted (π/3) squared cosine function was applied prior to Fourier transformation.
LC-MS analysis of the unmodified and RO-LMWHs and their corresponding heparinase digests LC-MS analysis of all samples was performed on an Ultimate 3000 HPLC-UV system (Dionex) coupled to an ESI-Q-TOF-MS MicrOTOF-Q (Bruker Daltonics, Germany). Ion-pair reversed-phase separation was carried out on a Kinetex-C18 column (2.1×100 mm, ODS 2.6 μm, 100 Å, Phenomenex) with Security Guard Cartridges Gemini C18 (4×2.0 mm, Phenomenex). A binary solvent system was used for gradient elution.
LC-MS analysis of the heparinase-digested original and RO-LMWHs was performed as previously described in Alekseeva et al. [13] . For profiling the intact unmodified LMWHs and RO-LMWHs, methanol in the mobile phases, used for the analysis of the enzymatic digests [13] , was substituted by acetonitrile. This substitution led to a decrease in column backpressure and, consequently, permitted an increase in the flow rate (from 100 up to 250 μl/min), which resulted in a decrease of total analysis time and, more important, improved chromatographic performance. Thus, for profiling the non-digested original and RO-LMWHs, mobile phases A (10 mM dibutylamine, 10 mM acetic acid in water/acetonitrile (9:1)) and B (10 mM dibutylamine and 10 mM acetic acid in acetonitrile), delivered at 0.25 ml/min, were used. Because enoxaparin, tinzaparin, and dalteparin are characterized by a different molecular weight distribution, slightly different multistep gradients were used for their profiling (Table 1) . Under the applied conditions, the retention times vary in a range 1.0-1.5 %.
The MS spectrometric conditions were as follows: ESI in negative ion mode, drying gas temperature +180°C, drying gas flow rate 7.0 l/min, nebulizer pressure 0.9 bar, capillary voltage +3.2 kV. The mass spectra of the oligosaccharides were acquired in a scan mode (m/z scan range 200-2,000). The fragmentation of the ion with m /z 488.5, present in the digested RO-enoxaparin, was performed by applying LC-ESI-MS 2 method. Collision-induced dissociation was used; the isolation window was set at 5 Da; and the collision energy was −20 eV.
Nomenclature and structure identification
In the present work, the abbreviation RO is used for describing the samples obtained by glycol-splitting followed by the reduction to highlight this latter step, while gs is used to indicate the split units within RO-LMWHs chains.
The oligosaccharide identification was based on the MS data. Their formula was only accepted if the m /z of the candidate analyte matched with the theoretical value within 5 ppm for oligosaccharides up to dp 8. For higher-chainlength oligosaccharides, an error within 10 ppm was accepted. The comparison of the experimentally obtained isotope pattern with the theoretical one was also used to confirm the assigned structure. For each peak, a "first-level structure" was assigned using MS data and considering the chemical nature and treatments of the starting material. The nomenclature previously applied for the heparinase-digested RO-heparins [13] was used. The abbreviation system is similar to that of Henriksen et al. [33] and includes the number of monosaccharide residues, sulfate groups, and N-acetyl groups. In our case, a number and the symbol gs were also added to indicate the number of the glycol-split residues. "Remnants" of the hydrolyzed internal gs residues were indicated by the symbol R (see Fig. 1e ) and those from non-reducing end as R(Unr), respectively. Symbols ΔU, U, and A indicate a 4,5-unsaturated uronic acid, a saturated one, and a glucosamine unit, respectively, at the NRE. Symbol "ol" indicates the alditol form of terminal units at the RE; symbols aM.ol and Rc indicate 2,5-anhydromannitol and contracted ring residues typical for dalteparin. Symbols 1,6aA and 1,6aM were used for the NMR cross-peaks of 1,6-anhydroglucosamine and 1,6-anhydromannosamine units typical for enoxaparin, while for LC-MS data 1,6aA was used for both epimers because it was not possible to distinguish them from MS data.
Results
NMR analysis of RO-LMWHs
In order to detect and quantify monosaccharidic residues and units of LMWHs affected by the glycol-splitting reaction, ROLMWHs were analyzed by 2D-NMR spectroscopy, using the 1 H/ 13 C HSQC approach previously developed for the structural characterization of unmodified heparins [32] and LMWHs [2] . The HSQC spectra of heparin species consist of characteristic series of spots (cross-peaks) over the typical range of monodimensional 1 H and 13 C spectra, the most informative for the current purpose usually being in the region of the anomeric (H1/C1) protons and carbons (5.6-5.4/94-108 ppm, including the small region of unsaturated 1 H and 13 C at 6.0-5.8/108-111 ppm), which is regarded as the "structural reporter" region of the spectra. As indicated in Fig. 3 for tinzaparin (blue spots) and RO-tinzaparin (red spots), signals for typical residues are located in subregions of the spectrum. Disappearance of cross-peaks associated with residues known to be susceptible to periodate/borohydride reactions as indicated in Figs. 1 and 2, and appearance of new ones, with slight perturbation of cross peaks, clearly attributable to residues that are unaffected by these reactions, are evident in Fig. 3, Fig. S1 , and S2 (see Electronic supplementary material). Chemical shifts associated with gs-residues in different heparin-related compounds (heparins, LMWHs, and K5PS) are listed in Table 2 . Table S1 (see Electronic supplementary material) reports the relative content of typical residues for the three prepared RO-LMWH samples measured from the signal volumes [2, 32] .
As expected, for all the three LMWHs, the strongest signals are those that are less affected by glycol-splitting, i.e., those of the internal "regular" sequences of the TSD I 2S -A NS6S [32] . Table S1 (see Electronic supplementary material). Together with these signals from "internal" gsI and gsG, at least one cross-peak (at 4.92/107.6), typical for RO-heparin species containing the linkage region, can be assigned to the glycol-split G residue (gsG LR ) preceding the first galactose residue (Gal1). As in the spectra of the parent LMWHs, the gsG LR signal intensity indicates that the content of LR in RO-tinzaparin is consistently higher than in RO-enoxaparin, while that in ROdalteparin is very low, the corresponding signal not being observed in spectrum (see Electronic supplementary material, Fig. S2 ). NMR data (Fig. 3) show that not only internal sequences but also several end-groups are susceptible to glycol-splitting and/or reduction. For example, the cross-peaks of both α and β anomers of aminosugars and uronic acids at the RE typical for unmodified tinzaparin (A NS α, A NS β, Fig. 3 ) and enoxaparin (A NS α, A NS β, M NS α, M NS β, I 2S α, and I 2S β, see Electronic supplementary material, Fig. S1 ) disappeared after the RO-reaction. The resulting RE-alditols are not detectable in the complex "ring region" of the NMR spectra due to the signal overlapping with the free primary hydroxyl groups at C-6 of glucosamine and those at C-2 and C-3 of gs-uronic acids (Fig. 3, Fig. S1 ). The enoxaparin cross-peaks of H4/C4 ΔU and those of H1/C1 in 1,6aM are among those that disappear upon periodate oxidation/borohydride reduction (see "Discussion"). The NMR spectrum of dalteparin confirms its relative structural homogeneity, with a 2-O -sulfated iduronic acid at the NRE and a 2,5-anhydromannitol (aM.ol) at the RE, this latter residue well identifiable in the "ring region" of the NMR spectrum (see Electronic supplementary material, Fig. S2 ). A weak signal at 5.45/104.5 ppm in both dalteparin and RO-dalteparin was recognized and assigned for the first time to an internal glucosamine contracted ring (Rc) residue using homonuclear (1D-COSY and 1D-TOCSY) and heteronuclear (edited-HSQC and HSQC-TOCSY) C HSQC NMR spectra of RO-tinzaparin (red spots) superimposed on the spectrum of the corresponding unmodified LMWH (blue spots) Symbols for typical endgroup signals are framed with rectangles. A glucosamine, A* N-sulfateglucosamine-3-O-sulfate, ΔU2S 4,5-unsaturated 2-O-sulfated uronic acid, I/G iduronic and glucuronic acids, G LR glucuronic acid of the linkage region sequence, gsI/gsG glycol-split iduronic and glucuronic acids, gsU glycol-split uronic acids, Gal galactose, Xyl xylose, Ser serine experiments (Electronic supplementary material, Fig. S4) . Particularly, the intra-residue connections were obtained starting from the 2-C-hydroxymethyl signal at 2.53 ppm, not affected by signal overlapping (Electronic supplementary material, Fig. S4 ). The nitrous acid heparin treatment such as that used to obtain dalteparin has been previously reported to cause also deamination of some internal glucosamine residues to give by ring contraction a 2-deoxy-2-C-hydroxymethyl pentofuranosidic residues [35] [36] [37] . The found chemical shift of the hexocyclic CH 2 group (H2a/b) is in agreement with the value reported previously for methyl-2,5-dideoxy-2-C-(hydroxymethyl)-α-D-xylo-pentofuranoside [36] . [14] d R remnant generated by hydrolysis of glycol-split uronic acids; data obtained from 2D NMR spectrum of the fraction of heparinase-digested ROenoxaparin, containing ΔU 2S -A NS6S and ΔU 2S -A NS6S -R e Reported in [13] for RO-heparins f Present work g From NMR analysis of RO-dalteparin (this cross-peak correlates with CH 2 OH in the TOCSY spectrum indicating that it is a glycol-split uronic acid); A*=A NS3S(6S)
Direct LC-MS analysis of RO-LMWHs
To obtain compositional profiles of the RO-LMWHs, their samples were analyzed directly by the LC-MS method in comparison with those of the original unmodified LMWHs. Although a detailed analysis of unmodified LMWHs is outside the scope of this work, some general features of their HPLC-MS chromatograms are described here for comparison with the corresponding RO-derivatives (Fig. 4 and Electronic supplementary material, Fig. S5-S7) .
Oligosaccharides from dp 2 up to 22 (ΔU22,32,0, see Electronic supplementary material, Table S2 ) were observed in tinzaparin, from dp 2 up to dp 20 (ΔU20,28,0, Fig. 4 , see also Electronic supplementary material, Table S2 ) in enoxaparin and from dp 4 up to dp 22 (U22,31,0-aM.ol and U22,32,0-aM.ol, see Electronic supplementary material, Table S2 ) in dalteparin. Comparable results were reported using pentylamine acetate as ion pair reagent for the UPLC separation of tinzaparin oligosaccharides [26] , and in an earlier SEC-MS study of Henriksen [33] , oligosaccharides up to dp 18 were detected in tinzaparin.
The present LC-MS method highlights both the structural heterogeneity of the analyzed samples and their different molecular weight distributions. For example, while the LC-MS chromatogram of enoxaparin appears highly heterogeneous (Fig. 4) , that of dalteparin (Electronic supplementary material, Fig. S7 ), a LMWH known to be extensively purified by ion-exchange chromatography [34] , reflects a lower heterogeneity and a lower content of dp 4 and dp 6 fractions with respect to tinzaparin (Electronic supplementary material, Fig. S6 ) and enoxaparin ( Fig. 4 and Electronic supplementary material, Fig. S5 ). The highly sulfated even-numbered oligosaccharides are prevalent in all three LMWHs (Electronic supplementary material, Fig. S5-S7) . N -Acetyl groups were observed more frequently within longer chains (Electronic supplementary material, Fig. S5-S7) .
Peculiar residues typical for each LMWH are clearly observed in their LC-MS profiles. In tinzaparin and enoxaparin LC-MS chromatograms, the major components absorb at 232 nm due to the presence of 4,5-unsaturated uronic acids (ΔU 2S /ΔU) at the NRE (Fig. 2) formed as a result of the depolymerization by β-elimination reaction (LC-UV chromatograms not shown), while analogs bearing saturated uronic acids were found only in low amounts. The enoxaparin LC-MS profile appears more complex due to the presence of oligosaccharides bearing at the RE either hemiacetalic or 1,6-anhydro (1,6aA) forms differing from each other by 18 Da (Fig. 4 and Fig. S5 ). In the LC-MS profile of dalteparin, some oligosaccharides containing both aM.ol and Rc residues, detectable due to a mass decrease of 15 Intens. Table S2 ), confirming the ring contracted residues observed in NMR spectra. Among the minor components, oligosaccharides with an odd number of residues and a glucosamine at the NRE are detectable (Electronic supplementary material, Fig. S5-S7 ) in all three LMWHs, suggesting that some of the original heparin chains terminate with glucosamine units, as previously reported [33, 38, 39] . Odd-numbered oligosaccharides starting and terminating with uronic acid residues are minor components of tinzaparin (such as ΔU9,10,1, Electronic supplementary material, Fig. S6 and Table S2 ) and in dalteparin (U5,6,0 and U5,7,0, see Electronic supplementary material, Fig. S7 and Table S2 ) but are well evident in the enoxaparin (ΔU5,6,0 and ΔU5,7,0, Fig. 4 ; see also Electronic supplementary material, Fig. S5 and Table S2 ).
Comparison of LC-MS profiles of RO-LMWHs with the corresponding LMWHs (Electronic supplementary material, Fig. S5 -S7) provides information on changes in mass values of individual oligosaccharides upon periodate oxidation and borohydride reduction at sites predicted in Fig. 2 . A 2 Da mass increase is expected for each internal glycol-split residue with respect to the corresponding unmodified oligosaccharides. The possibility to obtain more structural information by differentiating isomers through RO-modification is also worth noting. For example, after glycol-splitting, the enoxaparin tetrasaccharide ΔU4,5,0 gives rise to at least two tetrasaccharides containing internal 2-O -sulfated uronic acid ΔU4,5,0-ol and a third one containing a nonsulfated uronic acid ΔU4,5,0,1gs-ol (Electronic supplementary material, Fig. S5 and Table S2 ). As particular cases, several gs-ATBR containing oligosaccharides were found (for example, ΔU8, 10,1,2gs-ol and ΔU10,13,1,2gs-ol, etc.; Fig. 4 , see also Electronic Supplementary Material, Table S2 ). The possibility to distinguish isomeric oligosaccharides can be shown also for RO-tinzaparin and RO-dalteparin (Electronic supplementary material, Fig. S6, S7) .
LC-MS analysis revealed also the modifications induced by periodate oxidation/sodium borohydrate reduction in the end-groups, confirming the NMR data. The most evident effect of the reduction step is formation of alditol residues at the RE (involving a 2 Da mass increase) for tinzaparin and enoxaparin oligosaccharides originally bearing aminosugars in hemiacetalic form (Fig. 4 , Electronic supplementary material, Fig. S5, S6 ). The behavior of some minor short oligosaccharides of enoxaparin such as ΔU2,3,0 and ΔU3,4,0 appearing in RO-enoxaparin as ΔU2,3,0-ol and ΔU3,4,0-ol, respectively (Fig. 4) , clearly confirms these data. The presence of residues at the RE susceptible to reduction was used for the structural assignment of oligosaccharides in RO-LMWHs: The "first" increment of "2H" was assigned to the reduced RE residue (either glucosamine or uronic acid). A further increase of the mass value of 2 or 4 Da were assigned to oligosaccharides (in the alditol form) with 1 or 2 gs residues, respectively (for example, ΔU4,5,0,1gs-ol and ΔU8,10,1, 2gs-ol in RO-enoxaparin, Fig. 4 ). Because the dalteparin RE residues are exclusively constituted by aM.ol (Fig. 2) , not susceptible to glycol-splitting or to borohydride reduction, the gs-oligosaccharides present in RO-dalteparin are easier to be assigned on the MS basis, because each increment of 2 Da should indicate only the presence of one gs-residue.
On the other hand, LC-MS showed that practically all the NRE residues of RO-dalteparin were susceptible to the glycolsplitting and to further chain cleavage (as illustrated in Fig. 5 ). In the case of the 2-O -sulfated uronic acid at the NRE, more represented in dalteparin, the bond between two vicinal OHgroups at C-3 and C-4 can be actually split, while in the case of the nonsulfated uronic acid at the NRE, simultaneous oxidation of the three vicinal OH-groups at C-2, C-3, and C-4 is likely to occur. Further loss of the formed remnants at the NRE (gsI 2S (nr) and R(Unr), respectively (Fig. 5) , seems to easily occur. In fact, a relatively large number of ROdalteparin odd-numbered oligosaccharides start with a glucosamine (see Electronic supplementary material, Fig. S7 ). The presence of some remnant-bearing structures was useful for the identification of LMWH oligosaccharides having a saturated uronic acid at the NRE and for distinguishing isomers. For example, the broad U8,11,0-aM.ol peak in the dalteparin LC-MS chromatogram can be explained by the presence of at least two isomers, a regular one (constituted by TSD units) and another one having G-A* unit at the NRE that were identified by LC/MS analysis of RO-dalteparin (see Electronic supplementary material, Fig. S7) . The presence of G-A*-bearing oligosaccharides is in agreement with the NMR results showing a relatively high contents of A*, G-(A*) and Gnr residues (see Electronic supplementary material, Table S1 ).
Hydrolytic loss of the remnants formed at the NRE were also observed in enoxaparin, which contains low amounts of oligosaccharides starting with glucuronic acid at the NRE (see Electronic supplementary material, Table S1 ). For example, R(Unr)-A3,5,0-ol (Fig. 4 , see also Electronic supplementary material, Fig. S5 ) and R(Unr)-A3,5,0-1,6aA (Electronic supplementary material, Fig. S5 and Table S2 ) were observed in RO-enoxaparin, and the last one can be structurally correlated with a tetrasaccharide G-A NS3S6S -U 2S -A NS 1.6aA, isolated from the enoxaparin dp 4 fraction (unpublished data of our group). A further remnant loss at the NRE is reflected, especially in RO-enoxaparin, by the presence of the trisaccharides A3,5,0-ol and A3,6,0-ol, this latter bearing an A NS3S6S residue.
For species starting with glucosamine at the NRE, splitting between C-3 and C-4 is also possible. However, it seems that A5,8,0-1,6aA in enoxaparin (Fig. 4) and A5,8,0-aM.ol in dalteparin (see Electronic supplementary material, Fig. S7 ) are resistant to the oxidation because the corresponding analytes were found unchanged in the corresponding RO-derivative chromatograms. Since such components are minor and difficult to characterize, in order to evaluate the susceptibility to glycol-splitting of terminal NRE glucosamine residues the RO-reaction was performed also on a model compound, synthetic pentasaccharide A NS,6S -G-A NS,3S,6S -I 2S -AOMe NS,6S (Arixtra®). This experiment showed that an excess of periodate should be used for completing the splitting of both internal glucuronic acid and glucosamine at the NRE (data not shown). The resistance of the above-mentioned oligosaccharides to the periodate oxidation may be also explained by the presence of the 3-O -sulfated glucosamine at the NRE of some heparin chains [39] . However, such species may be also formed by the cleavage of the terminal uronic acids, which originally are present in dalteparin and enoxaparin (as described above).
The hypothesis that the formation of the oligosaccharides starting with glucosamine at the NRE as a result of an internal gs uronic acids hydrolysis could not be confirmed because no corresponding remnant (R, Fig. 1e ) bearing oligosaccharides were found. However, to verify if the developed LC-MS method permits to detect such species, a RO-tinzaparin sample was prepared using HCl instead of acetic acid, for neutralizing the NaBH 4 -reaction mixture. The NMR spectrum of the HCl-treated preparation (not shown) showed a lower amount of generated gs residues than in the preparation treated with acetic acid, supporting the hypothesis that partial hydrolysis occurred. Indeed, a number of remnant (R)-bearing species was observed (Electronic supplementary material, Fig. 6S ), indicating that the present analytical conditions permit to observe and monitor such a hydrolysis process.
Elution order
For oligosaccharides with the same dp, the higher the sulfation degree, the higher the retention time RT (for example, RT (ΔU6,7,0)<RT (ΔU6,8,0)<RT (ΔU6,9,0) in enoxaparin Fig. 4) . The presence of a N -acetyl group causes a slight increase of the retention time (RT (ΔU6,7,0)<RT (ΔU6,7,1) that indicates that not only electrostatic but also hydrophobic interactions between analytes and stationary phase can take place. Unexpectedly, the retention time of ΔU16,21,0 is somewhat lower than that of ΔU14,21,0 in tinzaparin Fig. 5 Terminal residues at the non-reducing end (NRE) and at the reducing end (RE) confirmed or found for unmodified and RO-LMWHs. Since structures have been confirmed or elucidated by MS spectroscopy, the anionic groups (COOH, SO 3 H) are represented in their undissociated form (Electronic supplementary material, Fig. 6S ) and enoxaparin (Electronic supplementary material, Fig. S5 ). This finding may be explained by the fact that the longer the oligosaccharide chains, the less the influence of additional disaccharide units and the more crucial the influence of the number of anionic groups per chain. Enoxaparin oligosaccharides with a 1,6aA-residues are eluted after their analogues bearing hemiacetalic aminosugars (RT ΔU6,8,0<RT ΔU6,8,0-1.6aA) . Unsaturation in the NRE uronic acid increases the RT (RT (U6,9,0)<RT (ΔU6,9,0)), probably due to the higher acidity of the uronic acid carboxy-group when conjugated with a double bond, leading to a stronger interaction with dibutylammonium cation. The same fact may take place in the case of the odd enoxaparin oligosaccharides starting with ΔU (2S) , which shows higher RT than oligosaccharides starting with a glucosamine residue (RT (A3, 4,0)<RT (ΔU3,4,0)); moreover, ΔU3,4,0, bearing two carboxyl groups, have more anion centres able to interact with dibutylammonium cation. Oligosaccharides in alditol form are eluted after their unmodified analogs (RT (ΔU6,8,0)<RT (ΔU6, 8,0-ol)), and this is probably caused by the higher flexibility of the reduced open form with respect to that of the hemiacetalic one that facilitates the interactions between sulfate groups and dibutylamine on the stationary phase. The presence of an uronic acid remnant increases the retention time (e.g., in RO-tinzaparin (RT (ΔU8,12,0-ol)<RT (ΔU8,12,0-R)), probably, due to the additional charge of the remnant carboxyl group (R) present at the RE (Fig. 1e) .
LC-MS profiling of heparinase-digested RO-LMWHs
The main limitation in LC-MS profiling of LMWHs and their RO-derivatives is that only the major species can be separated and identified; in fact, component overlapping in terms of retention times and mass values makes it difficult to characterize the minor components. This problem becomes more crucial for higher oligosaccharides, especially when unmodified oligosaccharides and glycol-split ones have similar retention times. The gradient optimization for LMWHs is limited by the total analysis time due to the wide range of the species to be profiled, from dp 2 up to at least dp 22.
In order to obtain more informative data, all RO-LMWHs were also analyzed after exhaustive enzymatic digestion with a mixture of heparinases I, II, and III which leads to concentration of sequences containing gs-residues and to the identification of peculiar structures otherwise difficult to be characterized. The LC-MS profiles of heparinase-digested ROLMWHs (Fig. 6 and Electronic supplementary material, Figs. S8 and S9) are definitely simpler than those of the corresponding non-digested samples ( Fig. 4; Fig. 5S-S7 ). Like those of similarly digested RO-heparins [13] , they essentially consist of disaccharide, tetrasaccharide, hexasaccharide fragments, and very low amounts of some octasaccharides present only in the digest of RO-dalteparin (see Electronic   supplementary material, Fig. S9 ). The major disaccharide ΔU2,3,0 (ΔU 2S -A NS6S ), the minor disaccharide ΔU2,2,0 (ΔU 2S -A NS ), and several tetrasaccharides resistant to the enzymatic cleavage (such as, ΔU4,6,0-ol in RO-tinzaparin, ΔU4,5,0-1,6aA in RO-enoxaparin, ΔU4,5,0-aM.ol in ROdalteparin) are also present in the corresponding digest of LMWHs (not shown), characterizing the regular sequences not containing nonsulfated uronic acids.
The fragments derived from enzymatic digestion of ROLMWHs differ from those of unmodified LMWHs especially in their hexasaccharide components, which are practically absent in the heparinase digests of non-gs LMWHs (not shown). It is important to note that, while the species containing two gs residues are seldom observable in the profiles of the intact RO-LMWHs (Fig. 4 and Electronic supplementary material, Fig. S5-S7) , some of these species can be detected in the chromatograms of all the RO-LMWHs digests (for example, ΔU6,7,1,2gs, Fig. 6 ).
As expected, the digested RO-tinzaparin also consists of even-numbered oligosaccharides terminating at the RE with both hexosamine formed during the enzymatic cleavage and some with alditols generated by the RO-reaction (see Electronic supplementary material, Fig. S8) . Notably, no disaccharide in alditol form was detected (see "Discussion").
The LC-MS profile of RO-enoxaparin enzymatic digest (Fig. 6 ) is definitely more complex-especially as regards end residues-than the corresponding profiles of ROtinzaparin and RO-dalteparin digests, making structural assignments more difficult. Since nonsulfated uronic acids of RO-LMWH chains are split and cannot be recognized by the heparinases, the 4,5-unsaturated uronic acid residues were assumed to be always 2-O-sulfated for the oligosaccharides present in the RO-LMWH digests. Furthermore, to verify if the observed mass increment of 2 Da was caused by the generation of one internal gs residue or by reduction of terminal hemiacetal, the RO-enoxaparin digest was further treated with sodium borohydride (profiles not shown). Species susceptible to this reduction (i.e., those converted to alditol forms) are identified with oligosaccharides originally terminating with reducing hexosamines and consequently bearing internal gs, while the reduction resistant oligosaccharides were considered to already have an alditol group at the RE. This approach was used to distinguish ΔU4,6,0-ol (Fig. 6 ) and ΔU4,6,0,1gs (not shown in the chromatogram); this minor tetrasaccharide contains a Nsulfated-glucosamine-3,6-O-disulfate residue and is likely to be one of the markers of the sulfated ATBR (I 2S -A NS6S -G-A NS3S6S -I 2S -A NS6S ), previously observed in the enzymatic digest of RO-heparin from bovine lung [13] .
The LC-MS chromatogram of the heparinase-digest of ROdalteparin (see Electronic supplementary material, Fig. S9 ) is less complex than those of the other two RO-LMWH digests, reflecting in part a rather homogeneous internal structure of the original LMWH and the fact that practically all chains in the original dalteparin terminate at the RE with aM.ol groups, resistant to the glycol-splitting. Notably, the RO-dalteparin digest contains also octasaccharides ΔU8,9,1,1gs-aM.ol and ΔU8,9,1,2gs-aM.ol (both in traces), indicating that all the glycosidic bonds of these oligosaccharides are resistant to cleavage by heparinases (see "Discussion").
RO-induced modifications of peculiar end-groups (linkage region, mannosamine, 1,6-anhydromannosamine)
The LC-MS chromatogram of tinzaparin reveals the presence of species containing intact linkage region such as ΔU4,3,1-LR, ΔU4,4,1-LR, ΔU8,6,2-LR, ΔU8,9,1-LR, ΔU10,11,1-LR, and ΔU10,11,2-LR (see Electronic supplementary material Fig. S6) .
As expected and illustrated in Fig. 1 , the glucuronic acid and xylose units of the LR are susceptible to glycol-splitting, and depending on the reaction conditions, the LR can generate two forms, such as the one shown in Fig. 1d (gsLR) or further hydrolyzed at the level of gs-xylose, to give the serine lacking fragment gsG-Gal-Gal-CH(CH 2 OH) 2 (gsLR (2)).
The LC-MS analysis of the oligosaccharides containing the gsLR/gsLR(2) in the RO-tinzaparin digest allowed the characterization of the environment near the LR. Of note, ΔU2,1,1-gsLR(2) is formed in trace amount, which indicates that the first uronic acid preceeding G LR is almost always nonsulfated. Different tetrasaccharides containing one gs residue linked to the gsLR(2), such as ΔU4,3,1,1gs-gsLR(2), ΔU4,4,1,1gs-gsLR(2), and ΔU4,2,1,1gs-gsLR(2), were detected. The first level structure of the former corresponds to the previously observed heparin oligosaccharides ΔU 2S -A NS6S -G/I-A NAc -LR [23] . Only one specie containing two acetyl groups (ΔU4,1,2, 1gs-gsLR(2)) was observed but in very low amounts, indicating that, when the second uronic acid after G LR is 2-O-sulfated, the second glucosamine residue is almost always N-sulfated and not N-acetylated. Moreover, the presence of ΔU4,4,1,1gs-gsLR (2) indicates that the first N-acetylglucosamine can also be 6-O-sulfated, as also found in heparin [23] . Among higher oligosaccharides, ΔU6,3,2,2gs-gsLR(2) and ΔU6,2,2,2gs-gsLR(2) were the most evident, while a mono-N-acetylated analog (ΔU6,3,1,2gs-gsLR(2)) was observed in trace. Notably, no species with three N -acetylglucosamines were found. Considering the known biosynthesis pathway of heparin [40] , these data could indicate that, when the second uronic acid after G LR is nonsulfated, the following glucosamine is N-acetylated. Octasaccharide chains with three gs units linked to the gsLR(2) were also found, even if in traces (Electronic supplementary material, Table S2 ). Combining these data with the results obtained by the LC-MS analysis of the intact RO-tinzaparin, it is likely that the N-acetylated domain in the closest proximity of LR of the parent heparin is very short (i.e., di-or tetrasaccharide sequences).
Several gsLR-bearing oligosaccharides with the sulfation/ acetylation pattern similar to that observed in tinzaparin were found also in enoxaparin after SEC-fractionating its digested RO-derivative (Electronic supplementary material, Fig. S10 ). No oligosaccharides bearing 2-O -phosphorylated xylose [41] were observed. It would be probably possible to detect these particular LR-bearing oligosaccharides after previous isolation of the LR-containing fraction.
In the LC-MS chromatogram of the digested ROenoxaparin, an oligosaccharide with m /z 507.476 (Figs. 5 and 6 ). The formation of this trisaccharide, also found in ROtinzaparin and some RO-heparins [13] , as a trace component, may be explained by the oxidation of glucosamines bearing free NH 2 -groups, which can be present in heparin. The same explanation does not hold for RO-enoxaparin, where ΔU3,5,0-Ram is present in relatively high quantity. Notably, 2D NMR spectrum of the parent enoxaparin did not show cross-peaks of glucosamines with free NH 2 . We suggest that the generation of ΔU3,5,0-Ram in ROenoxaparin could result from an oxidation of the N-sulfated mannosamine residue (Figs. 5 and 6 ).
Other unknown structures were observed (m /z 448.5, 449.5, and 488.5) in the heparinase-digest of ROenoxaparin. The LC-MS data show that these analytes are likely to have the same backbone but differ by number of sulfate, acetyl groups, and gs residues (Electronic supplementary material, Table S3 ). The fact that all the three species absorb at 232 nm indicates the presence of an unsaturated uronic acid at the NRE. Useful information was obtained especially by a subsequent SEC-fractionation. LC-MS analysis showed that the SEC-fraction eluted between tri-and tetrasaccharide pools is enriched in compounds of the unknown structures (m /z 448.5, 449.5, and 488.5, see Electronic supplementary material, Fig. S10 ), which is in agreement with the hypothesized neutral formula (with an error less than 5 ppm) (see Electronic supplementary material, Table S3 ). These species were also found to be resistant to borohydride reduction, suggesting that they do not have hemiacetalic monosaccharide at the RE.
Two different structures with the same neutral formula were found to correspond to the observed unusual m/z values: the first one with the same backbone as ΔU3,5,0-Ram but containing N -acetylated glucosamine, and the second structure bearing a split 1,6-anhydro-aminosugar at the RE (gs1,6a, Fig. 5 and Electronic supplementary material, Table S4 ). A subsequent MS/MS experiment indicated that the main observed fragments could be formed from both backbone types (either an acetylated trisaccharide with an aminosugar remnant, or a tetrasaccharide with gs1,6a) (see Electronic supplementary material, Fig. S11 ). Several minor signals may be more informative. For example, m /z 247,494 may correspond to a disaccharide unit with two sulfate groups, suggesting that the only glucosamine is sulfated but not acetylated, ruling out the structure with a remnant and a N -acetyl substituent.
Moreover, the HSQC spectrum of the SEC fraction enriched in structurally unknown compounds did not show cross-peaks corresponding to the N-acetyl-glucosamine-6-Osulfate linked to 2-O -sulfated-iduronic acid (A NAc6S -(I 2S ) H1/C1 5.15/96.6 ppm, H2/C2 4,03/56.2 ppm) [42] . This cross-peak should have been observed if the unknown compound with m /z 488.5 had the acetylated structure ΔU 2S -A NAc6S -I 2S -Ram. Notably, the A NAc6S -(I 2S ) unit is rarely present within heparin chains. Therefore, all experimental data, i.e., (1) absorbance at 232 nm; (2) resistance under the reductive conditions; (3) accurate m /z value; (4) correspondence of the experimental isotopic pattern with theoretic one; (5) resistance to the reduction and to the enzymatic cleavage; and (6) NMR data, confirm that the structure with the split 1,6-anhydro-aminosugar is the most probable.
Sequences with three subsequent glycol-split residues
The sequences with three glycol-split uronic acids in contiguous disaccharide units were previously observed in trace amounts in the heparinase-digest of the RO-derivative of pig mucosal heparin [13] . This indicates that sequences with three subsequent nonsulfated uronic acid units are present within heparin chains. A similar result was obtained for the ROtinzaparin where octasaccharides with three internal gs units and glycol-split LR sequence were found (described above). A fraction containing highly sulfated mono-N -acetylated octasaccharides with three gs units (ΔU8,7,1,3gs, ΔU8,8,1,3gs, ΔU8,9,1,3gs) was isolated from the ROenoxaparin digest by SEC fractionation (see Electronic supplementary material, Fig. S10 ). Borohydride reduction revealed that octasaccharides with both three gsunits (ΔU8,7,1,3gs, ΔU8,8,1,3gs, ΔU8,9,1,3gs) and two gs-units and reduced aminosugar at the RE (ΔU8,7,1,2gs-ol, ΔU8,8,1,2gs-ol, ΔU8,9,1,2gs-ol, ΔU8,10,1,2gs-ol) were present. The cross-peak of the α-N -sulfated glucosamine (A NS α), observed in the 2D NMR spectrum of the digest before reductive treatment, confirms the presence of octasaccharides with three gs units and hemiacetalic N -sulfated glucosamine at the RE. It is worth noting that in the case of the octasaccharides with two gs residues their resistance to the enzymatic cleavage may be explained by the position of the 2-O -sulfated uronic acid (U S ) that is likely to be close to the alditol unit in the proposed structure ΔU S -A-gsU-A-gsU-A-U S -A-ol.
Discussion
Modifications generated in LMWHs by the glycol-splitting periodate oxidation followed by a "stabilizing" borohydride reaction mainly involve internal nonsulfated uronic acid residues and end-residues susceptible to splitting and/or reduction. These structural modifications change both NMR spectra and LC-MS profiles of the LMWHs, providing complementary and characteristic fingerprints of both LMWHs and their RO-derivatives. Thus, the combined NMR/LC-MS analysis can allow characterizing the individual RO-LMWH, comparing different RO-samples, and providing structural information on the starting material. Whereas the HSQC spectra are currently exploited for quantitative evaluation of individual monosaccharide and disaccharide units in heparins [32] and LMWHs [2] , a note of caution is necessary when dealing with gs-derivatives, since the local flexibility of gs residues may affect their relaxation times and scalar coupling values. The reported quantitative data (Electronic supplementary material, Table S1 ), though compatible with our overall conclusions, should accordingly be taken as provisional, until a deeper study is made using well-defined model compounds.
The HSQC NMR spectra and the LC-MS profiles of ROLMWHs also retain some features characteristic of the LMWH production method, partial depolymerization with heparinase I (tinzaparin), base-catalyzed β-elimination (enoxaparin), and nitrous acid depolymerization (dalteparin). All of these depolymerization methods cleave only glycosidic bonds between an aminosugar and the adjacent uronic acid that leads to the formation of even-numbered oligosaccharides (Fig. 2) . Surprisingly, RO-dalteparin has been shown to contain numerous odd-numbered oligosaccharides (see Electronic supplementary material, Fig. S7 ), probably due to the glycolsplitting of the dalteparin terminal uronic acid residues bearing 3,4-diol groups and the further hydrolysis of the generated remnants (Fig. 5) . Together with the observed high content of odd-numbered oligosaccharides, the occurrence of occasional ring contracted residues diversifies RO-dalteparin from the other RO-LMWHs.
Interestingly, RO-enoxaparin was the only one, among the RO-LMWHs of the present study, showing a LC-MS profile less complex than that of the parent LMWH (Fig. 4) . This can be reasonably explained by the presence of end residues ΔU 2S at the NRE, and N-sulfated 1,6aA groups at the RE, resistant to glycol-splitting. Minor ΔU residues from one side, as well as the above-mentioned 1,6aM on the other side, may both contribute to some chain shortening caused by their oxidation. While the glycol-splitting of the ΔU was expected, the oxidation of the N -sulfated 1,6aM residues not bearing two vicinal hydroxyls was quite unexpected.
Hydrolytic cleavage of glycosydic bonds (especially those of the gsU-residues), as well as partial cleavage and eventual hydrolysis at the level of terminal gs residues should be considered as possible events under the chosen conditions of RO-reaction. For example, addition of both sodium borohydride and strong acids (for example, hydrochloric acid) used for the pH adjustment may represent critical steps since it can locally generate high basic or acidic conditions [12, 13] . We observed that the acidic hydrolytic effect can be decreased by using mild acids (i.e., acetic acid). Although under our experimental conditions the conversion yields of the parent LMWHs to the corresponding RO-derivatives are quite high (>85 %), the decrease (∼20 %) observed in their average M W (see "Experimental") indicates some chain shortening with respect the parent LMWHs. Remnant-bearing species, markers of such a chain cleavage, can be detected by the developed LC-MS method.
The plurality of species observed in the LC-MS chromatograms of RO-LMWHs suggests that some minor components may result from side-reactions such as hydrolysis at the level of internal gs residues (with generation of shorter chains terminating with remnant residues), oxidation of some end groups, and/or further cleavage of the generated remnants. In view of a further optimization of the RO-reaction conditions that could limit the impact of side-reactions, the present LC-MS method represents a useful and reproducible tool for fingerprinting RO-LMWH.
On the other hand, the glycol-splitting-induced local mobility is likely to exert an influence on retention times in LC-MS profiles of components of RO-LMWHs, allowing separation of some isomeric oligosaccharides otherwise difficult to achieve.
LC-MS analysis of heparinase digests provide additional structural information on oligosaccharide components of ROLMWHs and, indirectly, on the parent compounds. Since heparin lyases recognize the "regular" sequences of heparin but not residues introduced by the depolymerization reactions [24, 43, 44] or glycol-split residues [13] , incubation of ROLMWHs with heparinases generated fragments one or more disaccharide unit(s) longer than the corresponding ones detected in the LMWH digests, with incorporated gs-units, providing information about the length of the undersulfated heparin sequences. The combination of glycol-splitting and enzymatic digestion demonstrated that the sequences containing up to three subsequent nonsulfated uronic acids are present within heparin chains.
The specificity of the heparinases can be exploited for confirming the structure of terminal residues at the RE (such as 1,6aA in RO-enoxaparin and aM.ol in RO-dalteparin) and some sequences bearing them. As implied in previous reports on enoxaparin and dalteparin in different contexts [24, 43, 44] , these residues at the RE are not recognized by heparinases, and tetrasaccharide fragments are generated instead of disaccharides as would be the case if the end residues were unmodified glucosamines. The present study suggests that the terminal alditols (as observed for practically all species of ROtinzaparin, and for a number of chains in RO-enoxaparin) also exert some inhibition of heparinases, with preferential cleavage of glycosidic bonds one disaccharide unit further towards the NRE. In fact, LC-MS peaks attributable to alditol disaccharides were never observed in the enzymatic digests, indicating that the heparinase-generated RO-LMWH fragment terminating with an alditol cannot be shorter than a trisaccharide (for example, ΔU3,4,0-ol).
An additional inhibition exerted by glycol-split residues, first observed by us on RO-derivatives of full-length heparins [13] , permitted characterizing the heparin sequences near the linkage region by the first time and to identify the ATBR-containing sequences with different sulfation/acetylation pattern. These ATBR-derived fragments can be more easily unraveled because the glycosidic bond of 3-O -sulfated glucosamine (A*) is preferentially cleaved by heparinases and the A*-containing oligosaccharides terminate with a "truncated" N,3,6-trisulfated glucosamine [45] . The ATBR-derived fragments accordingly terminate at the RE with a G-A* disaccharide; moreover, since both the bond connecting glucosamine to the gsG-A* unit [46] and that of the gs-residue (gsI) linked to the next sequence (A-gsG-A*) [13] are not cleaved by heparinases, most of these typical fragments have the minimum size of a hexasaccharide. The hexasaccharide ΔU6,7,1,2gs (in the case of dalteparin, it could be also incorporated in the minor octasaccharide ΔU8,9,1,2gs-aM.ol) was observed in the LC-MS profiles of all the RO-LMWH digests. Tetrasaccharide ΔU4,6,0,1gs (generated from the highly sulfated ATBR variant [13] ) was also found in trace amount in all RO-LMWHs digests.
Conclusions
This work provides previously unavailable criteria for structural analysis of gs-LMWHs as well as a complement to current methods for characterization of LMWHs. In particular, combined 2D NMR and LC-MS analysis permits the detection of the major internal modifications introduced in LMWH chains by periodate oxidation/borohydride reduction. Modifications of end residues susceptible to glycol-splitting and/or reduction can also be detected by this approach. In addition, the present analysis of RO-LMWHs and their heparinase digests provides an informative profiling complementary to that currently obtained for unmodified LMWHs and a better characterization of isomeric oligosaccharides. The combination of glycol-splitting and enzymatic digestion provides more informative data also on the starting material, first of all, about the length of the sequences containing subsequent nonsulfated uronic acids and the structure of terminal sequences in RO-LMWHs. In particular, the N -acetylated domain in the closest proximity to the LR was characterized using this approach, providing information on the heparin biosynthesis. ATBR-containing oligosaccharides can be identified by the LC-MS analysis of RO-LMWHs and their heparinase-digests. Additionally, the NMR/LC-MS approach permits monitoring of the efficiency of conversion of nonsulfated uronic acids to the corresponding gs residues as well as the extent of side reactions occurring under different experimental conditions such as cleavage of remnants of terminal gs residues and hydrolysis of internal ones.
